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Open access under the ElA single-step selective separation of two food additives was investigated using alcohol-salt aqueous two-
phase systems (ATPS). The selective partitioning of two of the most used additives from a processed food
waste material, vanillin and L-ascorbic acid, was successfully accomplished. The results obtained prove
that alcohol-salt ATPS can be easily applied as cheaper processes for the selective recovery of valuable
chemical products from food wastes and other sources.
As a ﬁrst approach, the phase diagrams of ATPS composed of different alcohol + inorganic salt + water
were determined at 298 (±1) K and atmospheric pressure. The inﬂuence of methanol, ethanol, 1-propanol,
and 2-propanol and K3PO4, K2HPO4 or KH2PO4/K2HPO4 in the design of the phase diagrams was
addressed. After the evaluation of the phase diagrams behaviour, the inﬂuence of the phase forming con-
stituents was assessed towards the partition coefﬁcients and recovery percentages of vanillin and L-
ascorbic acid among the coexisting phases. Both model systems and real processed food waste materials
were employed. Using these ATPS as partitioning systems it is possible to recover and separate vanillin,
which migrates for the alcohol-rich phase, from L-ascorbic acid, which preferentially partitions for the
salt-rich phase.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction economical process for the recovery of valuable products from food‘‘Roughly one-third of the edible parts of food produced for hu-
man consumption gets lost or wasted globally, which is about 1.3
billion ton per year’’ is one of the main highlights described in the
report ‘‘Global Food Losses and Food Waste – Extent, Causes and
Prevention’’ presented recently by the Food and Agriculture Orga-
nisation of the United Nations (FAO) (Gustavsson, Cederberg,
Sonesson, van Otterdijk, & Meybeck, 2011). The management of
these food wastes is becoming extremely difﬁcult due to legislative
restrictions on landﬁll. These are however an incredible source of
raw materials or added-value compounds and there is, therefore,
the need to develop new recovery and reuse technologies, along
with the development of sustainable ideas, technologies and pro-
cesses to avoid those disposals or, at least, to restrain the loss of
added-value compounds attached to these wastes.
Processed food that has passed its validity time is an immense
source of priceless and valuable chemical compounds, including
different sugars, fats, ﬂavours, and antioxidants. Taking this into
account, this work aims at the development of a sustainable andaduação em Engenharia de
ntas 300, Farolândia. CEP:
fax: +55 7932182190.
sevier OA license.wastes, namely ﬂavours and antioxidants.
An antioxidant compound can be deﬁned as a substance that,
when present in low concentrations compared to that of the oxi-
dizable substrate, signiﬁcantly delay or inhibit the oxidation of that
substrate (Atoui, Mansouri, Boskou, & Kefalas, 2005; Moreira &
Mancini Filho, 2003). The 3-methoxy-4-hydroxybenzaldehyde,
commonly known as vanillin, is one of the most valuable ﬂavour
and antioxidant products obtained from waste sources (Kaygorod-
ov, Chelbina, Tarabanko, & Tarabanko, 2010). Indeed, vanillin as a
natural ﬂavour, occupies a prominent market place and is com-
monly used in the preparation of ice creams, chocolates, cakes, soft
drinks, pharmaceuticals, and liquors, in the perfumery industry,
and in nutraceuticals (Noubigh, Mgaidi, & Abderrabba, 2010; Rana-
dive, 1994; Tarabanko, Chelbina, Sokolenko, & Tarabanko, 2007).
Since this product has a large range of applications, the develop-
ment of new techniques for its separation and puriﬁcation, while
keeping its functional characteristics unchanged, is still ongoing.
Some publications have demonstrated different approaches to per-
form the separation of vanillin from different matrices (Converti,
Aliakbarian, Domínguez, Bustos-Vázquez, & Perego, 2010; Hocking,
1997; Tarabanko et al., 2007). L-Ascorbic acid is the main biologi-
cally active form of Vitamin C. This chemical compound is mostly
present in plant cells, where it plays a crucial role in their growth
and metabolism. As an effective antioxidant, L-ascorbic acid has the
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cofactor maintaining the activity of a number of enzymes, appears
to be the substrate for oxalate and tartrate biosynthesis, and con-
tributes for the stress resistance (Arrigoni & De Tullio, 2002; Davey
et al., 2000; Klein & Kurilich, 2000; Lee et al., 2004). Also, given the
essential role played in the human diet, L-ascorbic acid (E300) and
its salt derivatives (E301–303) are commonly used as food addi-
tives due to their antioxidant and ﬂavour enhancing properties.
Due to the high economical value attributed to vanillin and L-ascor-
bic acid, the development of a simple, cheap and compatible recov-
ery process from food wastes is thus of utmost importance.
Aqueous two-phase systems (ATPS) are vital techniques used for
the extraction, or even puriﬁcation, of several compounds and bio-
molecules, due to their versatility, high effectiveness, high yield,
selectivity, low cost and technological simplicity, as well as im-
proved degree of puriﬁcation. Moreover, ATPS usually allow the
combination of the recovery and puriﬁcation steps (Cláudio, Freire,
Freire, Silvestre, & Coutinho, 2010;Malpiedi, Romanini, Picó, &Nerli,
2009). ATPS are generally described as two aqueous liquid phases
that are immiscible at critical concentrations of the phase forming
components. In the past decades, these systems have been widely
applied in the separation/puriﬁcation of proteins, enzymes, antibi-
otics, among other biomolecules of interest (Albertsson, 1986; Lima,
Alegre, & Meirelles, 2002; Wang, Han, Xu, Hu, & Yan, 2010). To pro-
mote the formation of ATPS, several compounds can be used, such as
different polymers (Azevedo et al., 2009; Silva & Meirelles, 2000),
inorganic salts (Lima et al., 2002; Silva, Coimbra, Rojas, & Teixeira,
2009; Souza et al., 2010), sugars (Chen et al., 2010; Wu, Zhang, &
Wang, 2008;Wu, Zhang,Wang,&Yang, 2008), andmore recently, io-
nic liquids (Freire et al., 2012; Gutowski et al., 2003; Neves, Ventura,
Freire, Marrucho, & Coutinho, 2009; Ventura et al., 2009). However,
several of these ATPS forming components present some crucial dis-
advantages, when the objective is to apply them as separation sys-
tems for products that can easily suffer irreversible chemical
alterations, and thus lose their main characteristics (for example,
their antioxidant capacity). The high viscosity of polymer-based sys-
tems, the low window of potential ATPS based in sugars, and the
high cost of ionic liquids, are some of the additional disadvantages
that should be taken into account for a number of ATPS (Ooi et al.,
2009). Thus, in this work, the use of polar hydroalcoholic ATPS was
considered (Broinizi et al., 2007; Roesler et al., 2007; Wang, Han,
Xu,Hu, andYan, 2010). These systemshave already shown tobe suc-
cessful in the separation of enzymes, antibiotics, and nucleic acids
(Broinizi et al., 2007; Louwrier, 1999).
In this work, four alcohols (methanol, ethanol, 1-propanol and
2-propanol) and three salting-out ionic species (K3PO4, K2HPO4
and KH2PO4/K2HPO4) were studied through the formation of ATPS.
Their phase diagrams, tie-lines and tie-line lengths were deter-
mined at 298 K and atmospheric pressure. Subsequently, these sys-
tems were evaluated toward their application as liquid–liquid
separation processes for two antioxidants: vanillin and L-ascorbic
acid. Both model systems and food waste materials were em-
ployed. The results gathered highlight a selective partitioning of
both antioxidants, while maintaining their main chemical charac-
teristics as unchanged. Thus, it is possible to realise that the appli-
cation of alcohol–salt-based ATPS can be a promising technique for
the extraction of valuable compounds from simple or even more
complex sources, such as food wastes.2. Materials and methods
2.1. Materials
Methanol, ethanol, 1-propanol, 2-propanol, dipotassium hydro-
gen phosphate (K2HPO4), potassium dihydrogen phosphate(KH2PO4) and potassium phosphate (K3PO4) were purchased at Ve-
tec (Rio de Janeiro, Brazil). The alcohols have purities higher than
99 wt.%. The phosphate salts present had purity levels higher than
98 wt.%. The L-ascorbic acid (>98 wt.%) was acquired at Labsynth
(São Paulo, Brazil) and vanillin (>99 wt.%) was purchased at Sig-
ma–Aldrich. Ultrapure water, double distilled, passed by a reverse
osmosis system and further treated with a Milli-Q plus 185 water
puriﬁcation apparatus, was used.
The vanilla diet pudding Dr. Oetker was purchased at a regular
supermarket in Aracaju, Brazil (http://www.oetker.com.br/
?actA = 2111&produtoID = 138).
2.2. Phase diagrams and tie-lines
The ATPS were formed using aqueous solutions of alcohols
(methanol, ethanol, 1-propanol and 2-propanol) at 80 wt.% and
distinct aqueous solutions of inorganic potassium phosphate salts
(K3PO4, K2HPO4 and the phosphate buffer solution KH2PO4/
K2HPO4 - Henderson–Hasselbalch equation equivalents = 1.087)
at ca. 40 wt.%. The phase diagrams were determined through two
different experimental methodologies well described in literature,
the cloud point titration method (Merchuck, Andrews, & Asenjo,
1998; Neves et al., 2009; Ventura et al., 2009; Ventura et al.,
2011; Ventura et al., in press) and the turbidometric titration
method (‘‘Aqueous Two-Phase Systems: Methods and Protocols
(Methods in Biotechnology) (Ed.: R. Hatti-Kaul), Humana Press,
Totowa, 2000.,’’; Freire et al., 2012) at (298 ± 1) K and atmospheric
pressure.
The tie-lines (TLs) were obtained using a gravimetric method
originally applied by Merchuck and co-workers (Merchuck et al.,
1998) and already validated in previous studies (Neves et al.,
2009; Ventura et al., 2009). Each tie-line (TL) was determined by
the application of the lever-arm rule. For that purpose, the experi-
mental solubility curves were correlated using the following Eq. (1),
Y ¼ A exp½ðB X0:5Þ  ðC X3Þ ð1Þ
where Y and X, are the alcohol and salt mass fraction percentages,
respectively, and A, B and C are the regression constants.
2.3. Partitioning of antioxidants in model systems
The partitioning systems for L-ascorbic acid were prepared
using graduated centrifuge tubes by weighing the appropriate
amounts of alcohol (at ca. 50 wt.%), inorganic salt (at ca. 15 wt.%)
and L-ascorbic acid (2.8 mg). To prepare the vanillin partitioning
systems, vials with the same weight fractions of alcohol and inor-
ganic salt were prepared. An aqueous solution of vanillin (concen-
tration of ca. 1.0 g.dm3) was used as the aqueous phase.
Afterwards, the mixtures were gently stirred and centrifuged at
3,000  g for 10 min. The extraction systems were placed at
(298 ± 1) K, for at least 18 h, to reach the equilibrium and the con-
sequent and complete partitioning of the antioxidants. The vials
were closed during this period to avoid the alcohol vaporisation. Fi-
nally, both phases were carefully separated and weighed, the vol-
ume of each phase was measured, and the biomolecules were
quantiﬁed in each one of the phases. Their quantiﬁcation was per-
formed in triplicate and the ﬁnal concentrations reported are aver-
ages of three assays (accompanied by the respective standard
deviations).
The quantiﬁcation of L-ascorbic acid was performed using the
volumetric Tillman’s method (Lutz, 2008), which is based on the
oxidation of 2,6-dichlorophenolindophenol-sodic (DCPIP). The
vanillin was quantiﬁed through UV-spectroscopy, using a SHIMA-
DZU UV-1700, Pharma-Spec Spectrometer, at two different wave-
length values, namely 280 and 347 nm. These two wavelengths
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phases is responsible for alterations on the surface charge of van-
illin, and consequently, these differences promote the variation
of the maximum peaks of absorption. Thus, to guarantee that the
totality of vanillin is quantiﬁed, its absorbance was measured in
the two maximum peaks of absorption for these pH conditions.
Calibration curves were properly established for each wavelength
considered, and the mass balance of vanillin was calculated and
conﬁrmed in each experiment.
The partition coefﬁcients of each antioxidant were estimated
according to Eq. (2)
K ¼ CT
CB
ð2Þ
where K is the partition coefﬁcient, C represents the concentration
of vanillin or L-ascorbic acid, and the subscripts T and B denote
the top and bottom phases, respectively. It should be remarked that
in all the extraction systems, the top phase corresponds to the alco-
hol-rich phase, while the bottom phase is the inorganic-salt-rich
phase.
The recovery percentages of each biomolecule for the top (Ri-T)
and bottom (Ri-B) phases were determined accordingly to the fol-
lowing equations,
RiT ¼ 1001þ ð 1RvKÞ
ð3Þ
RiB ¼ 1001þ Rv  K ð4Þ
where RV represents the volume ratio between the volume of the
top phase (VT) and the volume of the bottom phase (VB), K repre-
sents the partition coefﬁcients of each biomolecule, and the sub-
scripts T and B denote the top and bottom phases, respectively.
The subscript i describes each biomolecule, being substituted by
van for vanillin and AA for L-ascorbic acid.
2.4. pH determination
The pH (±0.02) of the top and bottom phases was measured at
298 (±1) K using an HI 9321 Microprocessor pH meter (HANNA
instruments). The compositions adopted at the biphasic region
mixture correspond to 50 wt.% of alcohol and 15 wt.% of inorganic
salt, and these compositions are similar to those used in the parti-
tioning experiments. All mixtures were gravimetrically prepared
within ± 104 g. After the separation of the equilibrated phases
the pH was measured.
2.5. Selective recovery of vanillin and L-ascorbic acid from a food
sample
The selective recovery of both biomolecules (vanillin and L-
ascorbic acid) was carried out in a real food waste sample, namely
in the vanilla diet pudding Dr. Oetker (http://www.oetker.com.br/
?actA = 2111&produtoID = 138). According to the product speciﬁ-
cations both vanillin and L-ascorbic acid are mentioned as
constituents.
The composition of the preferred ATPS to selectively extract the
two antioxidants was chosen by taking into account the partition
coefﬁcients and recovery efﬁciencies obtained with the model sys-
tems. Thus, the system composed of ethanol (50 wt.%) + K2HPO4
(15 wt.%) + H2O (35 wt.%) was used with the intent of maximising
the concentration of vanillin in the top phase, while the system
composed of 2-propanol (50 wt.%) + K2HPO4 (15 wt.%) + H2O
(35 wt.%) was employed based on enhanced partition coefﬁcients
obtained for L-ascorbic acid at the bottom phase.The pudding powder samples (5 g of total mass) were dissolved
in 23.3 ml of aqueous solution of alcohol (ethanol or 2-propanol at
50 wt.%) and at (298 ± 1) K. The inorganic salts (K2HPO4 or K3PO4 at
15 wt.%) and water were then added to prepare the respective
ATPS in the required concentrations up to a total volume of
14 ml. Next, the mixtures were gently stirred during 5 min and ﬁ-
nally centrifuged at 2,000 rpm for 5 min. The extraction systems
were placed at (298 ± 1) K for 18 h to reach the equilibrium. The
vials were closed during this period to avoid the alcohol vaporisa-
tion. Finally both phases were carefully separated and weighed, the
volume of each phase was measured, and the biomolecules were
quantiﬁed in each phase by the standard methods described be-
fore. The pH of both phases was also measured according to the
experimental methodology described above. The biomolecules
quantiﬁcation was performed in triplicate, and the average of the
three assays and respective standard deviations are reported.3. Results and discussion
3.1. Phase diagram and tie-lines
The ATPS formation capacity of four alcohols, using three differ-
ent potassium inorganic salts (K3PO4, K2HPO4, and K2HPO4/
KH2PO4) was assessed in the present study. All phase diagrams
were determined at 298 (±1) K and at atmospheric pressure. The
mass fraction solubility data for all systems are presented in Sup-
porting Information (Tables S1 to S5). The set of solubility curves
obtained is depicted in Fig. 1 and Figure S1 (see Supporting Infor-
mation), according to two different criteria, namely, (a) the effect
of alcohols while maintaining the inorganic salt, and (b) the inﬂu-
ence of the inorganic salts against one alcohol. All the phase dia-
grams are presented in molality units to avoid discrepancies in
the phase diagrams behaviour which could be a direct result of
the differences between the alcohol and salt molecular weights.
According to Fig. 1, it is possible to conclude that alcohols with
longer alkyl chains have, in general, a higher ability for ATPS for-
mation, as described by the trend: 1-propanol (370 K) > 2-propanol
(356 K) > ethanol (351 K)Pmethanol (337 K). It should be
stressed that the boiling temperatures of each alcohol are pre-
sented in parenthesis. It is well-known that the solubility of an ali-
phatic alcohol in water depends on its chain length, and decreases
while increasing the number of carbon atoms. Therefore, alcohols
with a lower afﬁnity for water are easily separated from aqueous
media by the addition of salting-out inorganic salts (Ventura
et al., in press). Particularly, for the systems composed of K2HPO4
and K3PO4, the alcohol with a branched-alkyl chain, 2-propanol,
is less effective for undergoing liquid–liquid demixing, when com-
pared with its isomer, 1-propanol. These results are in good agree-
ment with the literature (Greve & Kula, 1991; Ooi et al., 2009;
Shekaari, Sadeghi, & Jafari, 2010; Wang, Wang, Han, Hu, & Yan,
2010; Wang et al., 2010; Zafarani-Moattar, Banisaeid, & Beirami,
2005), where ternary systems based in the same alcohols and or-
ganic citrate salts (sodium- and potassium-based) were used. This
trend can be explained by the higher hydrophobicity of 1-propanol.
Generally, the solvent with the higher hydrophobicity has a lower
capacity for dissolving in water, and thus, it is easily excluded from
the salt-rich media for an alcohol-rich phase. The higher hydropho-
bicity of the 1-propanol isomer is also conﬁrmed by its higher oct-
anol–water partition coefﬁcient (Kow = 1.78) (Oliferenko et al.,
2004) when compared with 2-propanol (Kow = 1.12) (Oliferenko
et al., 2004). Wang and co-authors (Wang et al., 2010) also pointed
out that, despite the idea that the phase separation is driven by the
competition of alcohol-water and salt-water interactions, those
were still not sufﬁcient to explain the phase formation behaviour.
The authors justiﬁed the capacity of these four alcohols in promot-
Fig. 1. Phase diagrams of all the ternary systems studied composed of four alcohols: (h) methanol, (j) ethanol, (d) 1-propanol, and (s) 2-propanol; and three inorganic salts:
(i) K3PO4, (ii) K2HPO4, and (iii) KH2PO4/K2HPO4.
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forces of the alcohol molecules with themselves, and that this con-dition is well described by their ‘‘boiling points’’ (Lide, 2008)
(shown above). The same correlation is obtained here, meaning
Table 1
pH values of the top (T) and bottom (B) phases for the extraction systems composed of
alcohol + inorganic salt + water, at 298 K and atmospheric pressure.
Ternary System pH (T) ± 0.02 pH (B) ± 0.02
K3PO4 Methanol 12.79 13.20
Ethanol 12.80 13.22
1-Propanol 12.38 12.69
2-Propanol 12.61 12.83
K2HPO4 Methanol 10.34 9.76
Ethanol 9.78 9.52
1-Propanol 9.69 9.01
2-Propanol 9.85 9.15
K2HPO4/KH2PO4 Methanol 8.68 8.99
Ethanol 7.70 8.01
1-Propanol 7.88 7.64
2-Propanol 8.08 7.31
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crucial interactions, which rule the phase behaviour. It is also men-
tioned that the difference of 15 K in the ‘‘boiling points’’ of the iso-
mers reﬂects the enhanced capacity of 1-propanol to establish van
der Waals forces, and which further facilitates the exclusion of this
alcohol from the salt- to the alcohol-rich phase (Wang et al., 2010).
The same argument is given to explain the small difference on
ATPS formation by ethanol and 2-propanol. In fact, these two sys-
tems have similar alcohol-alcohol forces described by their close
‘‘boiling points’’.
For a better understanding of the phenomenon included in the
formation of alcohol-salt ATPS, the same binodal curves were also
considered aiming to focus the inﬂuence of the three inorganic
salts on the ATPS formation (Figure S1). The decrease in the capac-
ity of the inorganic salts to promote ATPS formation is as follows:
methanol: K2HPO4/KH2PO4 > K3PO4P K2HPO4
ethanol: K3PO4  K2HPO4/KH2PO4 > K2HPO4
1-propanol: K3PO4 > K2HPO4 > K2HPO4/KH2PO4
2-propanol: K3PO4  K2HPO4  K2HPO4/KH2PO4
The capacity of these speciﬁc inorganic salts to promote the
phase separation was already investigated as part of different ter-
nary systems (Ventura et al., 2011; Ventura et al., in press), and, in
general, the effect of these inorganic salts follows the Hofmeister
series: K3PO4 > K2HPO4 > K2HPO4/KH2PO4 (Ventura et al., 2011).
However, this trend was only veriﬁed for systems composed of
1-propanol. The remaining systems do not follow the accepted
trend in what concerns the position of K2HPO4/KH2PO4. In fact, it
is possible to conﬁrm that between K2HPO4 and K3PO4, the latter
inorganic salt has the highest capacity to induce the phase separa-
tion, although in some cases, only a small difference is observed.
This behaviour can be easily supported by literature data and it
is related to the idea that the strong salting-out inducing anions,
PO43 and HPO42, exhibit a stronger capability for creating ion-
hydration complexes by excluding water from the alcohol-rich
phase, and thus favouring the formation of ATPS (He, Li, Liu, Li, &
Liu, 2005). Also, according to literature, the K2HPO4/KH2PO4 salts
have a lower ability for the ATPS formation, due to the presence
of KH2PO4, which tends towards the salting-in regime. Indeed, it
was already described that KH2PO4 is not capable by itself to pro-
mote the formation of alcohol-based ATPS. Here the ‘‘usual’’ behav-
iour of K2HPO4/KH2PO4 was only detected for the 1-propanol
system. Searching for an explanation for this behaviour, the pH
of both phases of each system were measured (Table 1). According
to Table 1, it is observed that the pH is salt-dependent and alcohol-
independent. The addition of some of these alcohols is responsible
for the destruction of the buffer condition, which is demonstrated
by signiﬁcant differences in the expected pH values of the phases.
The buffer condition was lost in most of the systems, with the
exception of the 1-propanol. Thus, for the ternary systems with
K2HPO4/KH2PO4 and methanol, ethanol and 2-propanol, the effect
is not driven by the phosphate buffer ionic strength and respective
interactions, but it is induced by the presence of two different inor-
ganic salts, K2HPO4 and KH2PO4, as individual ionic species, and
which partition in different directions of the system. Since ATPS
making use of K2HPO4/KH2PO4 were not found in literature, a com-
parison between our results and those in the literature was not
possible. Evidently, the use of these ternary systems for extraction
purposes should be cautiously carried out since the pH value is not
neutral for systems composed of methanol, ethanol or 2-propanol.
The solubility curves described before, were correlated using
the mathematical approach originally described in literature (Mer-
chuck et al., 1998), by the application of Eq. (1). The regression
parameters A, B and C, the respective standard deviations (std),
and the correlation coefﬁcients (R2), are reported in Table S6 inSupporting Information. To complete the phase diagrams, the tie-
lines (TLs), and respective tie-line lengths (TLLs), were determined.
Their values are reported in Table S7 in Supporting Information,
along with the compositions of inorganic salt and alcohol at the
top (T) and bottom (B) phases. The graphical representation of
the phase diagrams of all the systems studied is depicted in Sup-
porting Information (Figures S2 to S12). The TLs information is cru-
cial for the extraction process of any compound when using ATPS.
Usually, as the concentrations of alcohol and salt used to form the
biphasic system increases, the TLL becomes longer, and the top and
bottom phases become increasingly different in composition (Guo
et al., 2002; Neves et al., 2009; Pereira, Lima, Freire, & Coutinho,
2010; Salabat & Hashemi, 2006; Ventura et al., 2011; Ventura
et al., in press; Willauer, Huddleston, & Rogers, 2002). Thus, the
partitioning of common molecules in ATPS depends on the TLL
considered, which reﬂects the hydrophilicity/hydrophobicity of
the phases (Willauer et al., 2002).3.2. Partitioning of antioxidants in model systems
In this part of the work we focused on the possibility of using
alcohol-salt ATPS to promote the selective partition of two com-
pounds, namely vanillin and L-ascorbic acid, found in some food
matrices. Several mixture compositions using alcohol-salt ATPS
were prepared according to the following weight percentages:
50 wt.% of alcohol + 15 wt.% of salt + 35 wt.% of biomolecule aque-
ous solution (L-ascorbic acid or vanillin). The exact mass fraction
composition percentages used in the preparation of the mixture
points and the respective partition coefﬁcients and corresponding
standard deviations are reported in Tables S8 and S9 in the Sup-
porting Information.
The L-ascorbic acid was quantiﬁed by the Tillman’s method, and
the inﬂuence of the alcohols and inorganic salts in the antioxidant
quantiﬁcation was assessed before the partition assays. Thus, sev-
eral saline (40, 20, 10, 5 and 1 wt.%) and alcoholic aqueous solutions
(80, 60, 40, 20 and 10 wt.%) were prepared, in combination with
three concentrations of L-ascorbic acid (5, 50 and 200 mg L1). The
results suggest that the alcohols’ effect in the antioxidantquantiﬁca-
tion using the Tillman’s method is insigniﬁcant (results provided in
Supporting Information – Figure S13). On the other hand, higher
deviations are observedbetween the real and thequantiﬁed concen-
tration of L-ascorbic acid at the salt-rich phase. Thus, the acid con-
centration was only measured at the alcohol-rich phase (top
phase), with its concentration in the other phase estimated by the
difference between the initial concentrationused toprepare thepar-
tition systems, and its concentration in the top phase.
To appreciate the inﬂuence of the phase forming components of
the ATPS on the vanillin quantiﬁcation, its UV–Vis spectra were
evaluated under different compositions of these alcohols and
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charge and chemical structure at different pH values because of
the deprotonation of its hydroxyl group (Li, Jiang, Mao, & Shen,
1998) (Figure S14 in Supporting Information). Vanillin has a pKa
of 7.4, indicating that for pH values above 7.4, this biomolecule is
preferentially negatively charged. The difference in its structural
conformation at different pH values and UV–Vis spectra was al-
ready veriﬁed by Li and co-workers (Li et al., 1998). Thereby, two
different calibration curves were prepared considering the maxi-
mum absorbance peaks observed for the biomolecule at different
pH values (280 and 347 nm). To achieve the mass balance, the total
amount of vanillin was determined using one or both the calibra-
tion curves depending on the vanillin structures present in the
media.
After the validation of the methods used for the quantiﬁcation
of the biomolecules, their partition coefﬁcients were addressed.
The partition analysis of these ATPS was assessed making use of
the logarithmic function of the partition coefﬁcient (log K). Accord-
ing to Fig. 2, it is observed that vanillin and L-ascorbic acid prefer-
entially migrate to opposite phases, the top and bottom phases,
respectively. While vanillin preferentially migrates to the alco-
hol-rich phase (log K > 0), L-ascorbic acid has a higher afﬁnity for
the salt-rich phase (log K < 0). Aiming at explaining the preference
of the acid for the salt-rich phase, some assumptions can be taken
into account. The ﬁrst is related to the L-ascorbic acid chemical
structure (depicted in Fig. 2). This biomolecule is highly polar
and has the capacity to establish a vast number of hydrogen bonds
with water, having more afﬁnity to the more hydrophilic (salt-rich)
phase. In an opposite way, vanillin is less polar since it presents a
lower number of hydrogen-bond acceptors, and has a consequently
higher aptitude for the hydrophobic (alcohol-rich) phase. This
trend is also in close agreement with the 1-octanol–water partition
coefﬁcients reported in literature for each biomolecule. Reported
experimental values of this parameter, log Kow = 1.19 (Noubigh
et al., 2010) for vanillin and log Kow = 1.85 (Takács-Novak & Av-
deef, 1996) for L-ascorbic acid, show that these molecules have a
different hydrophilic/lipophilic aptitude. L-ascorbic acid is more
hydrophilic (log Kow < 0), while vanillin is more hydrophobic (log
Kow > 0). The partition results obtained here are indeed in good
agreement with the log Kow values (Noubigh et al., 2010; Takács-
Novak & Avdeef, 1996), suggesting that the molecules’ hydropho-Fig. 2. Logarithm function of the partition coefﬁcients (log K) of the two compounds, van
ethanol, 1-propanol, and 2-propanol, and the inorganic salts K3PO4 (circles - solid line),
chemical structures of each one of the biomolecules are also shown.bicity control the partition nature of these ATPS. Moreover, in order
to evaluate the alcohol and salt inﬂuence in the partitioning of both
biomolecules, the recovery percentages of vanillin in the top phase
(RvanT) and L-ascorbic acid in the bottom phase (RAAB), were also
evaluated and are presented in Fig. 3. For all the aqueous systems
studied, the recovery of vanillin for the alcohol-rich phase is be-
tween (98.37 ± 0.08)% and (99.94 ± 0.01)%, while the recovery of
L-ascorbic acid for the salt-rich phase is between (85.15 ± 1.27)%
and (95.50 ± 0.19)%. Finally, the recovery results obtained also
show that the effect of the alcohol molecular structure on the
extraction of both antioxidants is marginal; yet, stronger salting-
out inducing inorganic salts, namely K3PO4 and K2HPO4, largely en-
hance the recovery achieved at each phase.
Summing up, the selective partitioning of the two biomolecules
is envisaged taking into account the results obtained with the
model systems. Therefore, the next stage of this work was to em-
ploy the enhanced systems for the selective partitioning of vanillin
and ascorbic acid in real food samples.
3.3. Selective recovery of vanillin and L-ascorbic acid from a food
sample
The success of a new methodology or process is only proven
when the ﬁnal goal behind the optimisation studies is accom-
plished. In this context, the capacity of these new alcohol-salt ATPS
to simultaneously separate vanillin and L-ascorbic acid from a food
waste source was evaluated in this work as a real separation. Thus,
the vanilla diet pudding Dr. Oetker was used here as the food waste
source of vanillin and L-ascorbic acid. The choice of this food matrix
was based on the fact that both biomolecules are present in signif-
icant (non-residual) quantities, providing the necessary conditions
for their accurate quantiﬁcation. Since our goal is to demonstrate
the separation capacity of the ATPS investigated here for real sys-
tems, this part of the investigation was carried out using the best
two partition systems identiﬁed above, described by the two ATPS
with higher partition coefﬁcients and recoveries of both biomole-
cules into opposite phases. The two systems selected were: ethanol
(50 wt.%) + K2HPO4 (15 wt.%) + H2O (35 wt.%) and 2-propanol
(50 wt.%) + K2HPO4 (15 wt.%) + H2O (35 wt.%). The ATPS systems
were prepared using an alcohol solution of the pudding samples
(Table S10).illin (black lines) and L-ascorbic acid (gray lines), in the ATPS composed of methanol,
K2HPO4 (squares - pointed line) and K2HPO4/KH2PO4 (triangles - dashed line). The
Fig. 3. Recovery percentages of vanillin (dark lines) and L-ascorbic acid (gray lines) obtained in each one of the extraction systems studied. The ternary systems are composed
of different alcohols, namely methanol, ethanol, 1-propanol, and 2-propanol, with the inorganic salts K3PO4 (circles - solid line), K2HPO4 (squares - pointed line) and K2HPO4/
KH2PO4 (triangles - dashed line).
Fig. 4. Extraction parameters (recovery percentages and pH values for the top and bottom phases) and partition coefﬁcients of vanillin (dark bars) and L-ascorbic acid (gray
bars) from the vanilla diet pudding Dr. Oetker, obtained using the optimised ATPS: 2-propanol (50 wt.%) + K2HPO4 (15 wt.%) + H2O (35 wt.%) and ethanol (50 wt.%) + K2HPO4
(15 wt.%) + H2O (35 wt.%). The pH values together with the respective standard deviations are also reported.
I.A.O. Reis et al. / Food Chemistry 135 (2012) 2453–2461 2459To study the capacity of the selected ATPS in the separation of
vanillin and L-ascorbic acid from the vanilla diet pudding, the fol-
lowing parameters were evaluated: the partition coefﬁcient loga-
rithmic function, the recovery percentage in the top (vanillin)
and bottom (L-ascorbic acid) phases, and the pH of each phase.
The results are shown in Fig. 4.
Despite the smaller values obtained for K of vanillin and L-ascor-
bic acid, Fig. 4 shows that both systems are capable of promoting
the separation of the biomolecules. In this context, it is observed
that in the real separation, as in the optimisation study described
above, vanillin is migrating almost completely for the top phase
(log K > 0 with recovery > 95%) while L-ascorbic acid is concen-
trated in the bottom phase. The smaller values of KAAB, obtained
in the real extraction from the pudding powder, can be explained
by the complexity of the pudding sample. Nevertheless the high
recovery values obtained for vanillin, and good recoveries (above50%) for the L-ascorbic acid in 2-propanol, prove the success of this
selective separation process.
To the best of our knowledge, this is the ﬁrst time that a selec-
tive separation is optimised and successfully applied to simulta-
neously extract two distinct biomolecules from a food waste raw
material into different phases. In this context, alcohol-salt-based
ATPS can be envisaged as novel and alternative extractive proce-
dures for the recovery of added-value compounds from several
raw materials.4. Conclusions
Alcohol-salt aqueous two-phase systems (ATPS) were success-
fully applied to the selective partitioning of two biomolecules,
namely vanillin and L-ascorbic acid, from a real food waste matrix.
2460 I.A.O. Reis et al. / Food Chemistry 135 (2012) 2453–2461In this context, novel phase diagrams to perform the partitions
were determined at 298 (±1) K and at atmospheric pressure. The
main results showed that alcohols with longer aliphatic chains
(higher hydrophobicity) enhance the phase separation.
The capacity of these ATPS to be used in the separation of two
biomolecules studied was proven, with vanillin being preferen-
tially concentrated in the alcohol-rich phase, whereas L-ascorbic
acid migrates for the salt-rich phase. This behaviour is in close
agreement with the hydrophilicity/lipophilicity balance of each
biomolecule. The optimised systems in what concerns the selective
partitioning of vanillin and L-ascorbic acid are: 50 wt.% etha-
nol + 15 wt.% K2HPO4 + 35 wt.% H2O (Kvan = 430 ± 46 and
RvanT = (99.93 ± 0.01)%) and 2-propanol (50 wt.%) + K2HPO4
(15 wt.%) + H2O (35 wt.%) (KAA = 0.018 ± 0.001 and
RAAB = (95.50 ± 0.19)%).
From the application of the optimised ATPS to real food sam-
ples, it was concluded that it is possible to design cheaper and sim-
ple separation processes capable of promoting the simultaneously
separation of two different biomolecules. Thus, this work shows for
the ﬁrst time the successful use of alcohol-salt ATPS in the selective
recovery of valuable products from food waste sources, with their
application being envisaged in other raw material sources.
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